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ABSTRACT

‘1 'he polarization of 1.yman-« radiation, produced by electron impact excitation of
atomic hydrogen, has been measured for the first time over the extended energy range
from ncar - threshold to 1 800 ¢V. Mcasurcments were obtained in a crossed-beams
experiment using a silica-reflection lincar polarization analyzer in tandem with a vacuum
ultraviolet (VUV)monochromator to isolate the emitted line radiation. Comparison with
vat ious theoretical calculations shows the present experimental results arc in good
agrecment with theory over the entire range of electron impact cnergics and, in particular,
arc in excellent agreement with the latest theoretical convergent close coupling (CCC)
calculations of Bubelev et al. (J 995). The present polarization data arc significantly
different from the previous experimental measurement of Ottet a, (1 970).



1.0INTRODUCTION

Polarization of atomic line radiation has been of geucralinterest since its early
discovery in the Zeeman effect, and there is now arelativel y large body of” data available
on polarization of electron impact-induced radiation (McConkey et al. (1 988)).
Polarization measarements in the vacuum ultraviolet (VUV) present particular difficulties
for experimentalisis. Since most of the standard birefringent materials do not transmit in
the VUV, reflection devices with low reflection coefficients must be used. The problem is
further compoundecd by the instability of somec of the commonly used optical materials
(suchas1.iF), the lack of reliable high quality optical data for some maierials and, in
some cases, low polari zance. In addition, t cflection devices arc suscept ible to changesin
their reflection characteristics from the accumulation of suiface films, even in systems
employing clean vacuum (] lammond et al. (1 989)).

Much of the available experimental V(JV polarization data have been obtained by
the Windsor group and refer to the excitation of the rare gascs and various molecules
(sce, for example, Westerveld et a (1 985), Malcomet a (1 979), | luschiltet a (1 981),
Dassen and McConkey (1 981)).

Accurate experimental values foithe polarization of radiation produced by
electron impact excitation provide a sensitive test for theory by determining the relative
populations of the degencrate magnetic sublevels in the excitation process In addition,
since clectron inpact excitation cross scctions are typically mcasured in aci osscd-beams
configuration, with the emitted radiation detected at 90° to the clectron beam axis,
polarization measur ements arc required to cor cct these data in order to obtain values for
the integral cross section.

The first measurement of the polarization of lL.yman-o radiation produced by
clectron impact excitation of atomic hydrogen was reported by Fite and Brackmann
(1958). Vaues for the polarization were deter mined from the angular distribution of the
L.yman--a radiation. Howcver, the data weie essentially of apreliminar y nature and have
very large crrot bars.

The only subsequent measurementicported in the literature is that of Ott et al.
(1 970). These authors used a tungsten oven to dissociate molecular hydrogen and an
oxygen filter and iodine vapor photon counter to isolate and detect the l.yman-o
radiation reflected {from al.il' crystal mounted at the Brewster angle in their polarization
anal yzer. The polarization data of Ott et al (1970) have been widel y used in the literature
to correct the H(2P) cross section data of 1.ong et al. (1 968) for polarization effects in
order to obtain values for the integral cross section.

Accurate polar ization data play a pivotal role in the measurement of” integral cross

sections, not only for comparison with various theoretical approximations but, as
importantly, for establishing the secondary standards for spectroscopic modeling of
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stellar and planctary atmospheres. In this papier, ncw measurements are presented of the
polarization of LLyman—a radiation produced by electron impact excitation of atomic
hydrogeninihe extended energy range fiom near-threshold to 1800¢V. The present
experimental approach takes advantage of recent developments in VUV polarization
analyzers (Chwirot et a. (1 993)) and 1. atom sources (Slevinand Stirling (1981)) which
arc capable of producing atomic densities 3 orders of magnitude greater than previously
available. Furthermore, the usc of a 0.2- meter VUV monochromator in the present
experimental apparatus pert nits the unambiguous i sol at ion of the 1.yman-o radiation.
This leads to « more accurate determination of the molecular contribution to the signal
than in previous work and opens the possibility of extending the present measurements in
the future to higher members of the I.yman series.

2.0 POLARIZATION OF LINE RADIATION

Dipole radiation emitted in the relaxation of an atom excited by electron impact
will, in gencral, be polarized duc to the anisotropy of the collision process. The present
experiment has a crossed-beam geometry, with the incident electron beam defining an
axis of symmetry. It can be shown (sec, for example, Andersenetal. (1 988)) that for
such cylindiical symmetry the radiation canbe completely characterized by a single
integrated Stokes parameter S, which is defined by

.| 107) - 1(90%)
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where 1(0° ) (alsoreferred to as 1, ) and 1(90°) (or 1,) are the photon intensities observed
at 90° to the electron beam axis with electric vector parallel or perpendicular to the beam,
respective] y. This parameter is often given the symbol P (= S)), and is referred to as the
polarization of the radiation.

A comprehensive theoretical treatment of the polarization of radiation was first
given by Percival and Scaton (1 958). More recently, Blum (1981) and Andersen et al.
(1 988) set polarization measurements in the wider context of a description of collisionally
excited atoms in terms of state multipoles. Excited atomic states populated by electron
impact on ground state atoms cvolve uuder the influence of spin-orbit and hyperfine
interactions and decay with the cmission of radiation. The relationship between the cross
sections for populating the various degenerate magnetic sublevels of the excited state and
the resulting polarization is characterized by a set of consiants which depend on the
relative magnitudes of these interactions. Yor the l.yman series the polarization takes the
following form

(P = “(2.3,;2(25?95.949)(2‘) )




where Q, is the cross section for excitation of the magnetic sublevel M related to the
orbital angular momentum and it is assumed that hyperfine interactions and radiation
damping can be neglected.

At high encrgies, where the Bethe-Born approximation is expected to be valid, the
polarization 1' of electron impact induced radiation from an atomic state j can be
calculated froma Born expression derived by Mclarlane (1974). This high energy limit
of the polarization has been discussed in some detail by }eddle (1 979) , who shows that
the paraineter P can be represented in this approxiimat ion by the expression
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where Py is the polarization at threshold produced by eclectron impact of monocnergetic
clectrons of energy 1, ¢; is @ Parameter which describes the angular distribution of the
scatiered electrons, and R is the Rydberg constant. The parameter P, canbe calculated
exactly from angular momentum conservation considerations and has a value of 0.42 for
nP excitations (Pereival and Scaton (1 958)). Using a Born approach to the excitation,
Inokuti (1 971) has obtained a value of 0.408 for ¢;. With these values for the constants 1’
and ¢;, equation (3) determines the high energy Boin limit for the polarization.

Onc conscquence of the above formulation is that the polarization has a value of
zero at an energy given by li=c’ R/4 ¢;-Using the above value for C, the polarization is
zcro a an impact energy of 167cV. An expes imental determination of this quantity is
therefore of considerable interest.

Finally, experimental observations of emitted radiation made at an angle of 90° to
the electron beam axis must be corrected for the polarization of the radiation in order to
determine the integral cross section for the excitation process. Such raw experimental
data yicld values of the apparent cross section ( Qg ) Which arc related to the true integral
cross section ( Q,. ) by

-1 3) @

Mcasurements of the polarization arc thus not only of interestin  determining
magnetic sublevel cross sections, but also to provide a means for correcting polarization
sensitive data
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3.0  EXPER MtOWALA1 1'ROAC11
3.1 Experimental Apparatus

The experimental apparatus consists of an clectron impact collision chamber
equipped wit h an atomic h ydrogensource, in tandem with a 0.2 meter VUV
monochromator (resolving power 250) and silica reflection linear polarization analyzer
(Chwirotet al. (1 993)) positioned afier the exit slit of the monochromator. The
-electr ostatic electron gun and monochromator systems have been described in detai | in an
“earlier publication (Jamesct a. (1 997)). o ('/ ;/( /D0 S'/

) ) a1 . . . .
(% 7 nel | /28 Qe use of an clectrostatic election gunover the entire energy range from near-
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threshold:to 1800CV is<an important fcature of the present experimental configuration.
As pointed out by Ottetal. (1 970), polarization measurements using magnetically
confined electron beams may be subject to systematic cirors duc lo spitaling and other
effects associated with magnetic field confinement. This is especially true at low
energies close to threshold, and results in areduction in the observed polarization. While
clectrosiatical | y focused el ectron beams present the experimenter with the difficult task of
minimising energy-dcpcndcnt beam overlap variations, a crucial problem for a
measur ement of the optical excitat ion funct ion, beam overlap effects are not important in
polarization mecasurcments since the expes imental data relate to a ratio of I, and I, signals
measured at cach energy and overlap variations cancel.

A Yaraday cup designed to climinate backscattered secondary electrons is used to
monitor the electron bcam current (typically 5pA). The energy spread of the electron
beam is approximately 0.3¢V, with an uncertainty in the beam energy of 4 0.1 eV, as
measut cd fiom the appearance potential for excitation of the 1.yman--a transition.

The atomic hydrogen source has been described in detail by Slevin and Stirling
(1 981). llydrogen molecules arc dissociated in a discharge, excited within a radio
frequency (RF) cavity, resonant at 36Mlt1z. }ydrogen atoms effuse from a water cooled
pyrex discharge tube, past a quartz photon trap and through a 1 mm capillary into a ficld-
frcc interaction region where they arc moss-fired by the electron beam. Photons emitted
from the interaction region arc dispersed by the VUV monochromator, with slit widths
chosen to ensure adequate scparation of atomic linc emissions.  The Vuv
monochromator provides precise wavelength selection, a factor which is critical in
quantifying the molecular contribution to the observed I.yman-o signal. The usc of an
oxygen filter in the previous work of Ottet a. (1 970) introduced an vucertainty as to
precisely what spectrum was transmitted to the detector

The polarization anal yzer isshown in Figure 1 and has been described in detail by
Chwirot etal. (1 993) who also compare its performance to other analyzcr designs. The
optical constants of the silica mirror requite an angle of incidence of “/0° to reflect a
single plane of’ polarization only. A value of 0.85 (4 0.03) for the polarizance & (or
extinction ratio for the two orthogonal polarizations) of the analyzer used in the present
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measurcments was measured by Chwirot et al. (1 993) for I.yman- o radiation using the
gecometry shown in Figure 2. A channcltron positioned at the reflector angle is used as
the photon detector with a CM-coated entrance cone to enhance the quantum efficiency at
1.yman-o. ‘The usc of a fully characterized (and stable) silica reflection polarization
analyzer in the present experiment represents a considerable advantage over previous
mecasurcments which employed a 1.iF reflector. Lil° crystals arc hydroscopic and degrade
over a period of” time when exposed to the atmosphere. It is thus difficult to maintain
their long term stability and their usc as polarizers adds a measure of uncertainty to the
experimental data.

in order to climinate any polarization effects thatmay be induced by the
monochromator and detector systems, the grating is rotated such that the plane defined by
the monochromator entrance dlit and optic axisis at 45° to the electron beam axis (James
ctal.(1997)). The theoretical basis for this orientation is described in detail by Clout and
Ilcddlc(1969) and Donaldsonet a (1 972).

Polarization measurements arc made in the conventional manner by aligning the
anal yzer axis such that signals proportions] to 1, and 1, reach the detector. Thesc
correspond to values of 45° and 135°, respectively, for the angle p shown in Figure 1.
This isachicved by rotating the analyzer mirror and detector assembly using a stepper
motor. Using an identical polarizer to that in the present ¢xperiment,. Chwirot et al.
(1 993) reported measurements of the full angular distribution of 1.yman-o radiation,
fitted to the well known functional form, confirming the validity and accuracy of this
experimental procedure.

The entire experimental system is interfaced to aPC which controls the electron
beam energy and the stepper motor used to change the polatization anal yzer orientation.
Measured signals arc normalized to the electron beam current and hydrogen source
pressure, eliminating these potential sources of systematic ert or. 1)ata arc accumulated in
a multiple scanning mode to reduce the effects of any drifting in other experimental
parameters.

3.2 Correction procedure for molecular contribution

Since the hydrogen beam is not fully dissociated, the observed photon signal at
121 5.7A contains a contribution from molecular emission which must be quantified. The
molecular component results from 1.yman-o radiation produced by dissociative
excitation of 11, , as well as radiation from molecular bands transmitted by the bandpass
of the monochromator (FWHIM24A at typical slit widths of 600;um). In order to correct
the measured polarization data for this molecular contribution, the dissociation fraction
must be measur ed, together with the polarization of a pure molecular hydrogen target
produced with the RY* discharge off.




The dissociation fraction is established in the manner described by James et al.
(1997) by tuning the monochromator to an 1 1, molecular band at 1100i (with the
bandpass adjusted to exclude any atomic component from l.yman- o) and measuring the
molecular emission with the discharge on and off at the same hydrogen source driving
pressure and clectron beam current. Thedissociation fraction 1) is then related to these
two signals S,(on) and S,(off) by the relationship

1
155178,
-D=|- - 5
1--1 (T‘J S, %)

where T, and ‘1, arc the effective Kinetic temperatures in the gas beam with the discharge
on and off, respectively. Woolsey ct al. (1 986) and Forand et al. (1 988) measured these
kinctic tempceratures in a similar source and found that the two temperatures were equal,
confirming the reasonable assumption that the source produces a thermal beam of
hydrogen. A typical value for the measured dissociation fiaction is (0.65 4 0.02).

If the signals mecasured at the two orthogonal orientations of the polarization
analyzer axis arc defined as1* and 1 (corresponding to 1(135[') and 1(450), respectively),
and the subscripts 1 or 2 correspond to signals produced by atomic or molccular hydrogen

tar gets, respectivel y, then for the pure molecular beam pioduced with the RIF discharge
off, the measured molecular polarization (1’ ..,) isgiven by

L-5L

P12 =
27172

(6)

With the RF discharge on the beam contains both hydrogen atoms and molecules,
and the ratio of atoms to the total number of particlesin the beam is given by the
dissociation fraction 1). 1Jnder these conditions

I'=1/-1(- D),

;
and  1- =1;4 (- D), 0

Thus the apparent polarization ( P) measured with the RI* discharge on is given by

re =100 -)

FAal 14 40-D)(3413)
Defining I 41 = 1) )
and L4l =19
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‘The polarization of the radiation resulting from excitation of hydrogen atoms alone, 1'(1 1)
isthen given by

NS
(11" (12)
f
Finally wc obtain
4P D)k =-1,+(1-D)xly,,, (13)
0

where K ]é
1

and Py=1+(1--D)x(P-- ])(H?) (14)
Ifwedefine 1°=1'41"
o . (15)
2104 (- D)1
L
then K= T 1-n (16)
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Thus the polarization for atomic h ydrogen (1',1) canbe obtained from separate
mecasurements of the polarization with the Rl discharge onand off (giving P and P
respectively), together with a measurement of the dissociation fraction1).  The
parameters 1° and 120 also needed to evaluate  are obtained by summing the signals
detected at the two orthogonal polarization analyzer orientations with the discharge on
and off, respectively.

The above analysis assumes that the polarizance of the analyzer is unity. The true
polarization of the atomic radiation is obtained by dividing the result derived using
cquation (14) by the polarizancee. The present data arc corrected by the polarizance
value of 0.85 for I.yman- o measured by Chwirotet al. (1993).




3.4 Resonance trapping

Since trapping of the resonance I.yinan-a radiation by ambient atomic hydrogen
generally leads to a reduction in the polarization, it is essential to ensure that the column
density of atomic hydrogen is such thatthe probability of absorption of a l.yman-a
photon en route to the detector is negligibl y small. T'o ensure the absence of resonance
trapping effects in the present cxperiment, measurements arc made under conditions
where the detected photon signal is proportional to the hydrogen source pressure.
Operating under Knudsen conditions at the beam source preserves a linear relationship
between the source pressure and the number density in the interaction region. Previous
measurcments with this source described by James ctal. (1 997) verify the absence of
resonance trapping and associated depolarization effects for source pressures less than
46nltol'r. ‘The present experiment was carried out at a source pressure of ~40mtorr.

4.0 RESUL'TS ANI) DISCUSSION

The experimental data for the I.yman o polarization are tabulated in I’able 1 and
cover the range of electron impact energies from near-thmshold to 1800 eV. ‘I’able | also
includes, for comparison, the previous experimental data of Ottet a. (1 970) and the CCC
caculations of Bubelev et a. (1 995). These data arc illusitated graphically in Figures 3
and 4, as well as the predictions of McFarlanc (1974). The errors on the experimental
data correspond to one standard deviation in the statistics, with an additional contribution
from identifiable sources of systematic, crror as outlined in the: Error Analysis Appendix.

Clearly the experimental data arc in excellent agreement with the CCC results
over the entire range of energy, except forasingle CCC datum at 14 cV. Since the CCC
results may be subject to some numerical instabilities at energies closc to threshold due to
strong resonance effects in the cross section at these encrgics (Bray(1 997)), this particular
disagrecment can not be considered significant. Overall, the agreement between the CCC
theory and experiment can be considered as excellent.  Since data for experimental
measurements of the 2P excitation (James ¢t al(1 997) from this laboratory) and the same
CCC theory arc also in excellent accord, these polarization measurements further
confirm the cssential validity of the CCC approxi mat ion over the ent irc range of energy
from threshold up the Born region at 1800 ¢V,

The experimental data arc also in good agreement with the Born-McFarlane curve
at encrgics above 100 eV. This is alower energy for Born validity than that obtained for
the cross section measurements of James ct al(1997), where the Born region was reached
only at cnergics -1000 cV. From an experimental point of view this convergence of
experiment and theory at high energies provides strong evidence that our experimental
method is relatively free. from any unknown systematic effects (for instance, in the
polarizance of the analyzer, or the presence of low encrgy secondary electrons). in this
respect it is noteworthy that the Ott et al(1970) data at high energies (limited to 700¢V)
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lies significantly above the theoretical results, suggesting the presence of some small
systematic cffcct in these data,

The present polarization data for Lyman-a_ arc ???? than the earlier data of Ottet a
(1970) over most of the range of energies reported ( by approximately ??? in the energy
region from threshold up to ??? ¢V ) suggesting some systematic difference between the
two experiments.  The usc of a monochromator for wavelength selection, permitting
accurate subtraction of the molecular compenent of the l.yman-a signal, as well as a
more stable polarization analyzer, would suggest fewer sources of systematic error in the
present experiment.

, the discrepancy between our data and those of Ottet a cannot be explained in terms of
an inaccurate dctermination of the polarizance of either analyzer. Ottet a (1970)
measured a value of 0.94 for the polarizance of their 1.il' Brewster angle analyzer by a
technique in which an identical crystal was used to polarize an unpolarized beam of
photons produced by clectronimpact excitation of atomic hydrogen at high energy. The
electron energy used by Ott et a (1 970) for this measurcment is not specified but is
presumably around 200c¢V since the radiation produced at any other energies will be
polarized. The apparent polarization mecasured by Ottet a under these conditions was
assumed to begiven by P=¢".  Subsequent mecasurciments on a similar design of Lik’
reflection polarizer by 1 lippler et al (1985) yielded asimilar value for e of 0.9. 11lowever,
if the Ott polarization data arc corrected using a polarizance of 0.9 the values for their
data will increase by approximate] y 4%, resulting in an even larger discrepancy. As far
as the value of ().85 (3 0.03) used for the polarizance in the present experiment is
concerned it also seems unlikely that this could be in significant error given the recent
measurement of Chwirot and Slevin (1 992). Indeed, the present data are in excellent
agrecement with all theories at 54.4 CV and any change in the value of the polarizance e
would scale al of our data, including that at 54.4 cV. Finally, the excellent agrecment
with Bethe-Born at high energies confirms the accuracy of the polarizance of our
analyzer.  Inthese circumstances, wc argue that the present data provide the best
determination of the polarization of 1.,yman--a radiation in the energy range from ncar-
threshold to ~2 keV.

The experimental data arc also compared with other theor ctical calculations in Figure 5.
The theoretical results correspond to the R-matrix and Close Coupling Approximations
(CC) (Callaway et a (1994) and Wyngaarden and Walters (1986)); a Distorted Wave
Born Approximation calculation (I> WBA)(Madison et al (1 994)); and finally the

Eikonal Born Series Ixpansion (EBS) (Joachain et al (1 989)). our polarization data arc
in excellent agreement with CC and 1) WBA theoretical calculations in the energy range
from 50 to 100 CV and the agrecment is particularly good at the importaut energy of 54.4
eV. At energies from threshold to 40 eV, however, our data are consistently below the
predictions of all the theoretical calculations, whereas in the higher encrgy region above
100cV our data lic above these predictions. Both of the CC calculations show strong
resonance features in the threshold energy region. Bcecause the energy resolution of our
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electron beam is -0.5 ¢V this resonance behavior would not be seen in our data
Not withstanding this, the CC results in this energy region averaged over our energy
resolution arc still significantly higher than our data. The agreement between theory and
experiment in the energy range from 100cV to 300 CV isonly fair and the theoretical data
lic outside the error bars of the experimental data for all of the points shown.

The experimental determination of the energy at which the polarization is zero gives a
valuc of Y for the parameter 15y=  R/4¢; anti a value of Z for the Bethe Parameter c;
This compares with the widely used value of 0.408 based on the calculations of
Inokuti(1971).

It is also noteworthy that the experimental polarization data forl.yman- o do not tend to
the Percival and Seaton (1958) limit of 0.4?, at threshold , an effect which has also been
scenin the polarization results for the resonance lines of helium (scc McConkey? 7?).
1 lowever, it should be noted that the threshold polarization 1nay well be masked by the
electron beam energy resolution of ~0.4 CV obtaining in the present experiment.

5.0 ERROR ANAI YSIS

A comprehensive analysis of statistical and systematic errors was performed in order to
determine the limiting accuracy of the present measurcinents. ‘I’he total error in the
measurement relates to the errors in the individual terms in equation (1 4), namely:

(1) the statistical errorsin the observed count rates 1 and1?

(2) the error in the dissociation fraction 1),

(3) the error in the polarizance ¢ (since the value of 1’ ;, in equation (14) must be
divided by c in order to obtain the true polarization).

Theertorin the observed polarization is calculated in the usual way by carrying out a

,n_

C
quantitics and then combining the individual error contributions in quadrature. Typical
values for the individual relative criors at an energy of 54.4 CV arc 2.7°/0 (discharge on
count rates), 0.2°/0 (discharge off count rates), <0. 10/0 for I and 3.5°/0 for ¢ combined in
quadrature to yield atotal error of 4 0.6 in amcasured polarization of 10.5%.

1
Taylor Series expansion of the quantity k }[ Py/e] with respect to al of the above

Asexpected, the largest errors occur at elcctron impact energics where the cross section
resultsin lower signal rates. For example, at energies near threshold the total error in the
measured | 1(2P) polarization is 1%, whereas in the region of the peak cross section for
excitation of 1.yman—«o (around 40-70¢V ) the total error reduces to approximately 0.5°/0.
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The silica reflector in the polarization analyzer will, in practice, accept a cone of angles of
incidence of the detected radiation on the mirror surface about the nominal angle of
incidence of 70" . The VUV monochromator has an f 4.5 optical system with the
diffraction grating used which would result in an acceptance conc haf-angle at the
reflector surface of 6.3°. lHowever, aperture stops arc included both at the exit of the
interaction region and at the entrancc of the analyzer that effectively restrict the
acceptance cone half-anglc of the analyzer to approximatcly 3°. The resulting
depolarization effect can bc shown to be negligible (Chwirot and Slevin (1 993)).

It might bc argued that our polarization data could be affected by f 1(2s) metastables being
guenched within the interaction volume by any stray electric fields, possibly produced by
space charge in the electron bcam. Such a process would cause a reduction in the
measured polarization.

Finally, it should bc noted that the observed photon signal will include a contribution
from nP states populated by cascade processes from higher-lying states rather’ than by
direct excitation.  lleddle and Gallagher (1989) have used the horn cross section
calculation of Vainshicin (1 965) to estimate this cascade contribution in the case of
Lyman--« to bc of the order of 2% from states with n=3 -6. 1f it isassumed that cascade
processes populate the magnetic sublevels equally, then the measured polarization values
at encrgics above the encrgetic threshold for cascading transitions should be reduced by
this factor. However, duc to the considerable uncertainties involved in this correction
procedure and since the changes involved arc very small it was dccided not to attempt to
make a cascadec correction. in these circumstances our data should »« Viewed as
representing an upper limit at least in so far as cascade effects arc concerned.

6.0 CONCI.USIONS

The polarization of 1.yman- o radiation produced by electronimpact excitation of atomic
hydrogen in the energy range from threshold to 1800 ¢V has been measured in a crossed-
bcam experiment using a silica reflection lincar polarization anal yzer. The present
experimental i esults have been compared to the data of Ottet a ( 19°70) (in the case of
1 .yman--a) and to the latest theoretical calculations. They are in excellent agreement with
the CCC results of Bray and his collaborators over the entire range of energy. They arc
also in good agreement with R Matrix and close-coupling calculations in the low energy
regime. The present data are significant] y different from the previous experimental data
of Ott etal(1970), and it isargucd that the present data arc likely to be more accurate.
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